1. Studies on the robustness of ecological communities suggest that the loss or reduction in abundance of individual species can lead to secondary and cascading extinctions. However, most such studies have been simulation-based analyses of the effect of primary extinction on food web structure.
Introduction
Understanding the impact of species declines and extinctions on communities and ecosystems has become a major goal in ecology and conservation biology (Daily 1997; Chapin et al. 2000; Ripple et al. 2015) . Simulations suggest that removing species from food webs at random has less impact on communities than the selective removal of species with more trophic connections (Dunne, Williams & Martinez 2002) . Thus, the consequences of declines in biodiversity depend on community structure and complexity (Albert, Jeong & Barabasi 2000 , Downing & Leibold 2002 .
The tolerance of a food web to secondary extinctions resulting from species loss can be measured as its 'robustness' (Dunne, Williams & Martinez 2002 Memmott, Waser & Price 2004; Pocock, Evans & Memmott 2012) . Studies on the robustness of ecological communities suggest that the loss of individual species can lead to secondary and cascading extinctions (Ebenman, Law & Borrvall 2004; Shin, Shannon & Cury 2004; Dobson et al. 2006; Saavedra, Reed-Tsochas & Uzzi 2008; Staniczenko et al. 2010) . To date, most such studies have been simulation-based analyses of the effect of primary extinction, assuming bottom-up control, that is, species are considered extinct when their resource species are no longer available (Sanders & van Veen 2012) . However, cascading secondary extinctions may happen as a result of several other direct and indirect, positive and negative effects, such as top-down and horizontal indirect effects (Ekl€ of & Ebenman 2006 , Curtsdotter et al. 2011 Sanders, Kehoe & van Veen 2015) . Indirect trophic and non-trophic interactions play a major role in community structuring and have not usually been accounted for in traditional topological analyses of food webs (Strauss 1991; Bukovinszky et al. 2008) . More recently, however, indirect effects such as apparent competition have received growing attention and their importance has been demonstrated experimentally (Tompkins, Draycott & Hudson 2000 , Morris, Lewis & Godfray 2004 . Non-trophic interactions may also have considerable influence on community structure (Strauss 1991; K efi et al. 2012) , but their relative importance is yet to be revealed (Sutherland et al. 2013) .
Using experimental mesocosms containing three predators and three prey sharing a host plant, Sanders, Kehoe & van Veen (2015) recently demonstrated that initial extinctions of predators can trigger further predator extinctions due to indirect population-dynamic effects. However, equivalent large-scale, long-term field manipulations of species-rich quantitative food webs are lacking (but see Biles et al. 2003; D ıaz et al. 2003; Morris, Lewis & Godfray 2004; Kaartinen & Roslin 2012) . Such studies would allow for the identification of processes following species exclusion such as compensation by other species We conducted a replicated field experiment to test the effect of reducing the abundance of a very abundant species on food web structure and robustness in a diverse but discrete field system focused on a major plant species and its species-rich assemblage of associated arthropods, in the Brazilian Cerrado. We manipulated quantitative host-parasitoid food webs by reducing the abundance of a dominant insect herbivore (a gall-making insect) and tested the prediction that this would result in direct effects on parasitoids attacking the manipulated host, as well as indirect effects on other galler species and their parasitoids. We also tested the prediction that metrics of food web structure and robustness (tolerance to species loss) would differ between control and manipulated plots.
Materials and methods

study site
This study was conducted at Serra do Cip o, in Minas Gerais state, southeast Brazil. This region is in the southern portion of the Espinhac ßo Mountain Chain, in the Cerrado biome and is characterized by quartzitic soils covered by rocky grasslands, with predominance of herbs and shrubs (Fernandes 2016) . It has a Cwb K€ oppen climate type, with dry winters and rainy summers (Schulz & Machado 2000) . The average annual rainfall is between 1250 and 1550 mm, and the average temperature ranges from 18 to 19°C (Madeira & Fernandes 1999 
the baccharis system
The host plant species Baccharis dracunculifolia is a perennial, evergreen, dioecious shrub, 2-3 m in height, which is widely distributed across southern and central South America (Barroso 1976; Esp ırito-Santo et al. 2003) . Baccharis dracunculifolia frequently forms well-defined patches 18-12 000 m 2 in area (Collevatti & Sperber 1997) . It has a key role in natural succession and regeneration and is therefore important in terms of biodiversity and ecosystem functioning. Among the 17 species of gall inducing insects recorded on B. dracunculifolia in multiple locations (Fernandes et al. , 2014 , B. dracunculifoliae is the commonest (Ara ujo, Fernandes & Bedê 1995) . It induces a gall in the midrib of the leaf, which bends over itself until the borders are joined, forming an elliptical, green, glabrous, single-chambered gall (Lara & Fernandes 1994) .
experimental design
We selected 30 discrete clusters of B. dracunculifolia, each comprising approximately 15-20 individuals growing ≤5 m apart. These clusters, hereafter referred to as plots, were distributed in pairs 10-50 m apart from each other, and from other shrubs of the same species, across 15 spatial blocks ≥280 m apart, and were randomly allocated to control and treatment within each block. The treatment consisted of removing galls induced by B. dracunculifoliae, the commonest galler species found on B. dracunculifolia, by direct collection of the galls (which are essentially modified leaves). An equivalent number of non-galled leaves were collected from the control plots. The host plants have huge numbers of very small leaves and only a tiny fraction of them were removed (<5%, M. Barbosa, unpublished data), making any change in leaf availability to gallers negligible. Since new galls could be induced over the monitoring period, the treatments were maintained by excluding newly induced galls every month, 1 or 2 weeks before sampling the galler-parasitoid community.
collection of quantitative food web data
We collected quantitative information on the density of each galler species attacking B. dracunculifolia and the proportion of individuals of each species parasitized by various parasitoid species. We estimated the abundance of each galler species three times over 5 months (September, October and December 2013), 1 or 2 weeks after the removal treatment (described above). We collected and counted all full-sized or close to full-sized galls on five 0Á5 m lengths of branch haphazardly chosen around the crown of each of five individuals of B. dracunculifolia within each plot. The sampled shrubs were marked and were not sampled in the subsequent month. Galler species were identified in the field based on external morphology and the plant organ affected (see Fernandes et al. 1996) . Nearly all galler insects are specific to a single plant species and organ, and gall structure is persistent, meaning that the external morphology is consistent across individuals of each species (Rohfritsch & Shorthouse 1982; Floate, Fernandes & Nilsson 1996) . Thus, gall morphospecies are commonly used as a proxy for species of galler insects (Fernandes & Price 1988; Carneiro et al. 2009 ).
The collected galls were reared in the laboratory by placing the leaves or stems containing galls of the same morphospecies together in 250-mL plastic pots covered with nylon mesh (0Á04 mm net, 80% light penetration) and a perforated plastic lid (Esp ırito-Santo, Faria & Fernandes 2004) . Separate pots were used for each date and site of collection. The pots were checked weekly for emerging adult gallers and parasitoids which were sorted to morphospecies, and stored in 2-mL plastic micro tubes in ethanol (or dry at À20°C in the case of micro Lepidoptera). Galler samples were identified by specialist taxonomists (V.C. Maia at Museu Nacional/UFRJ, Brazil and V.O. Becker at Reserva Serra Bonita, Brazil). Parasitoids were first sorted to family by MB, then identified to the lowest possible taxonomic level by M.T. Tavares, and are deposited in the Colec ßão Entomol ogica do Departamento de Ciências Biol ogicas at Federal University of Esp ırito Santo (UFES), Brazil. We calculated species richness and abundance of gallers and parasitoids, and parasitism rates as the proportion of individuals of each galler species successfully parasitized by different parasitoid species. Three gregarious parasitoid species from two different families emerged from three of the galler species (Family Eulophidae: Horismenus sp1, and Tetrastichinae sp1; family Trichogrammatidae: Trichogrammatidae sp1, Table S2 , Supporting Information). They were present in 11Á7% of samples of these three galler species and represented 66Á3% of their reared parasitoids. Because several parasitoid individuals emerged from individual hosts, parasitism rates calculated on the basis of the ratio of parasitoid to host individuals would overestimate parasitism rates for samples containing gregarious parasitoids. Therefore, to avoid overestimation, we corrected the parasitism rates to take account of gregarious parasitoids, by subtracting the number of gallers emerged from the total number of galls in a sample. Then, based on the average number of each of the gregarious parasitoid species that emerged per gall across all samples we estimated the proportion of the remaining galls that were parasitized.
food web metrics
We built matrices of interactions for each plot for each of the three sampling occasions. We calculated a suite of quantitative (Dormann, Gruber & Fr€ und 2008; Dormann et al. 2009) using the function network level with the argument empty.web set to false to account for hosts present but not parasitized (Morris et al. 2014) . To investigate whether differences in metrics between treatments resulted solely from reduced abundance of B. dracunculifoliae, we compared webs between treatments with and without including B. dracunculifoliae in the calculation of metrics.
statistical analysis
To investigate whether the response variables differed between manipulated and unmanipulated food webs we used the lme4 package (Bates et al. 2014) in R. We compared parasitism rate, species richness and abundance of both B. dracunculifoliae and other gallers between treatments by fitting a set of generalized linear mixed effect models (GLMMs), with Poisson errors for count data and binomial errors for proportion data (Crawley 2012) . To minimize the chance of missing any effect of the treatment, we analysed all six response variables independently, even though some responses are intercorrelated. The structures of the maximal linear mixed effects models are shown in Appendix S1. We included treatment as a fixed effect in all our models; and when analysing galler abundance (non-focal species), parasitoid richness and parasitism rates we also included gall morphospecies as a fixed effect. We specified block as a random effect in all models. We checked the GLMM models for overdispersion of residuals using the function overdisp.glmer (RVAideMemoire Package). To correct for overdispersion where present, we refitted the models with negative binomial distribution using the function glmer.nb (MASS Package) instead of glmer. For species with sufficient replication we also tested for differences between treatments in abundance of individual species of parasitoids attacking other gallers.
For the metrics of food web structure, we fitted linear mixed effect models (LMMs) using treatment as fixed effect and month as covariate together with matrix size (the sum of all interactions between individuals recorded in a quantitative network matrix), as it can potentially bias quantitative metrics (Morris et al. 2014) . We combined data from all months to increase our sample size. We used the testInteractions function (phia Package) to perform Wald chi-square test for post hoc comparisons between treatments across gall morphotypes. To determine the structure of the random effect in the models we compared models allowing for variation in intercept within random effect to those allowing for variation in intercept and slope, and selected models with lower Akaike Information Criteria (AIC) scores. We simplified maximal models by removing non-significant fixed effects to obtain a minimum adequate model (Crawley 2012) . P-values of fixed effects were generated by likelihood ratio tests of the full model with and without the explanatory variables. We then refitted the minimum adequate model using Restricted Maximum Likelihood (REML) and visually checked the residual plots for deviations from homoscedasticity or normality. Some of the web metrics were log-transformed to improve the homoscedasticity of residuals.
Results
species richness, abundance and parasitism
Over the 5-month study period, we collected a total of 9496 insect galls of 11 distinct morphospecies ( Fig. 1 ; Table S1 ), an average of 462 (SD = 165) galls from each control plot and 171 (SD = 63Á7) from each exclusion plot. Galls induced by B. dracunculifoliae accounted for 83Á1% of galls collected from control plots and 49Á5% of those collected from exclusion plots. In total, 1841 individual parasitoid wasps were successfully reared, representing 50 species (control = 40; exclusion = 33) within 16 families ( Fig. 1; Table S2 ). Gall removal significantly reduced the abundance of B. dracunculifoliae in treatment plots on average by 75Á9% (SD = 16Á9%) relative to corresponding control plots (Table 1) . Parasitism rates of B. dracunculifoliae were significantly higher in plots where its abundance had been lowered (Table 1 and 2), whereas there was no significant difference in parasitism rates of the other gallers between treatments (Table 2) . Species richness of parasitoids attacking B. dracunculifoliae did not differ significantly between treatments (Table 1 ). The B. dracunculifoliae removal treatment had no significant effect on abundance and richness of other gallers, but one galler species, Asphondylia sp2 (galler G5 in Fig. 1 , Table S1 ), was only found in control plots. Parasitoid richness of all gallers also did not differ between treatments (Table 1) . However, the treatments differed considerably in parasitoid species composition, as 20 parasitoid species were only found in control plots, and 15 were only found in exclusion plots (Table S2) . We were able to test for differences between treatments in rates of parasitism on other gallers for three of the 50 species (Bracon sp2 attacking Tephritidae sp1, and Tetrastichinae sp3 and Torymoides sp2 attacking Asphondylia sp1; Table S1 and S2). Of these, only parasitism by Bracon sp2 differed significantly between treatments, increasing by 98Á3% in the manipulated plots (from 15Á3% to 30Á4%; Fig. 1 ; Table S3 ).
food web metrics
All parasitoid species were specialized on a single gall species, except for three species with very low abundance (Brasema sp1, Brasema sp2, and Aphelinus sp.; Fig. 1 ; Table S2 ). As a result, generality equalled one for all plots and clearly did not differ between treatments; therefore, we did not test it statistically. The metrics connectance and robustness HL were significantly lower in the manipulated webs, while interaction evenness was significantly higher (Table 3 ). This might be expected as a direct effect of the reduction in abundance of B. dracunculifoliae and consequently in its parasitoids. However, significant differences in food web structure between treatments remained if these metrics were recalculated without including B. dracunculifoliae. In particular, connectance was significantly lower in manipulated webs, showing an interaction with matrix size (Table 3) . Robustness HL was also significantly lower in the manipulated webs (Table 3) . Interaction evenness showed contrasting patterns depending on whether B. dracunculifoliae is included in metric calculation: without including B. dracunculifoliae interaction evenness was significantly lower in manipulated webs in an interaction with matrix size and month (Table 3 ). There were no significant differences in linkage density and vulnerability between treatments whether or not B. dracunculifoliae was included in metric calculation (Table 3) .
Discussion
The experimental reduction in abundance of the dominant galler species did not lead to evident secondary direct effects on its associated parasitoid species, but indirectly affected other galler species, as well as the structure and robustness of the food webs. In contrast to many previously published host-parasitoid food webs (e.g. Muller et al. 1999; Lewis et al. 2002 ) the experimental webs that we constructed were unusual in that virtually all parasitoid species were specialized on a single host and therefore there was virtually no potential for parasitoidmediated indirect interactions (e.g., apparent competition) between host species. Galler parasitoids and galler-parasitoid networks generally do not appear to be more specialized than other herbivore parasitoids (Hawkins 1994) or their respective networks (Morris et al. 2014) . However, the high host-specificity in our system is likely to explain why we did not find any effect of the experimental manipulation on parasitism rates, abundance or species richness of other galler species. Parasitism of the manipulated species was higher in the exclusion treatment, but the richness of parasitoid species attacking it did not differ significantly between treatments. The increased parasitism likely resulted from the adult parasitoids present during the manipulation having fewer hosts to attack, and therefore increasing the attack rate on the hosts present. The duration of our experiment was 5 months, comprising multiple generations (up to five) of both hosts and parasitoids, and therefore ample time was available for any long-term direct or indirect effects of the manipulation on other species to be revealed (Morris, Lewis & Godfray 2004) . However, experimental reduction of B. dracunculifoliae significantly changed the food web structure, in particular, reducing structural complexity (indicated by reduced connectance and interaction evenness), and lowering robustness to species loss (measured as robustness HL). Although we reduced the abundance of B. dracunculifoliae in our experiment, rather than Table S1 and S2 respectively. To assist comparisons, the two webs are drawn at different scales. Total host density is shown beneath each network.
removing it entirely, we expected that for many processes such a drastic reduction in abundance would cause 'functional extinction' with similar effects to extinction (e.g. in our food web, potentially releasing other galler species from competition).
In the context of the highly specialized nature of the networks studied, to interpret our results we must understand which structural changes in the webs affected the metrics, and how the manipulation may have indirectly caused the structural changes. First, we discuss the experimental design and whether this may have contributed to the observed results. Although the control and treatment plots were sometimes in close proximity (10-50 m apart), they were discrete and natural patches of host plants. Any gallers or parasitoids colonizing a plot were subject to local ecological processes and conditions, therefore immigration from neighbouring plots seems unlikely to have influenced our results. Control plots could potentially have interfered with parasitoid searching behaviour, lowering the effect of reduced target galler abundance in exclusion plots. However, increased parasitism on the target galler in manipulated plots suggests that parasitoids stayed within their plot, parasitizing a higher proportion of the remaining galls in their plot, rather than dispersing to other plots with higher gall abundance.
changes in food web structure
The observed changes in web structure were ultimately due to changes in relative abundance and identity of parasitoid species, which affected the distribution of interaction frequencies without affecting the total parasitism rates of hosts. For instance, parasitism rate and abundance of the galler Tephritidae sp1 did not differ significantly between treatment and control plots, but there was a two-fold increase in the frequency of the parasitoid Bracon sp2 attacking it in the exclusion treatment. Generally, higher interaction diversity, resulting from more frequent interactions combined with greater evenness of interaction frequency distribution, will tend to increase connectance, interaction evenness, vulnerability, generality and linkage density (Bersier, Bana sek-Richter & Cattin 2002; Tylianakis, Tscharntke & Lewis 2007) . Food web robustness is strongly influenced by connectance (Dunne, Williams & Martinez 2002 ) and will also be positively affected by interaction diversity. The reduction in interaction diversity observed in our treatment plots means that there was a lower number of interactions per species (connectance); a concentration of energy flow around fewer pairs of interacting species (interaction evenness); and that parasitoid species were more vulnerable to extinction (robustness HL). These observations concur with the idea that high interaction diversity in networks increases the rate of ecosystem processes and should stabilize them under fluctuating environmental conditions (Tylianakis et al. 2010) .
How did the manipulation indirectly affect the interaction frequency distribution? Since there was essentially no potential for parasitoid-mediated indirect interactions, these effects are unlikely to have propagated via trophic links documented in the webs. Food webs such as those documented in this study are only a subset of interactions isolated from a much more intertwined network of networks with direct and indirect trophic and non-trophic linkages (Pocock, Evans & Memmott 2012 ). Since our sampling focused on the galler-parasitoid community, we cannot clarify the exact mechanism through which food web structure was affected in our experiment. However, in the next section we suggest potential mechanistic explanations for our results drawn from our field observations and previous work.
trophic and non-tropic indirect effects
Species and interactions that were not included in the documented food webs may also have been affected by the manipulation, and may provide the mechanism G1  0Á000  1Á000  0Á000  1Á000  G10  0Á481  1Á000  2Á345  1Á000  G11  2Á750  1Á000  0Á960  1Á000  G12  0Á668  1Á000  0Á000  1Á000  G2  1Á612  1Á000  0Á525  1Á000  G3  1Á312  1Á000  0Á313  1Á000  G5  1Á021  1Á000  0Á000  1Á000  G6  0Á000  1Á000  0Á000  1Á000  G7  3Á380  1Á000  10Á186  0Á016  G8  3Á548  1Á000  5Á411  0Á200  G9  1Á524  1Á000  0Á183  1Á000 underlying the observed effects. These include natural enemies such as chewing insects (e.g. grasshoppers, caterpillars and beetle larvae), which can eat part of the gall wall and lead to death of the galler nymph (Lara, Fernandes & Gonc ßalves-Alvim 2002) . Other candidates are ants, which can affect gallers negatively by predating them or interfering with their oviposition behaviour (Fagundes, Neves & Fernandes 2005) ; or positively by lowering the abundance of free-feeding herbivores (Neves et al. 2011) . Furthermore, since all the gallers share the same host plant species, there was also considerable potential for plant-mediated effects, although again these effects were not studied in this experiment. Plant-mediated effects could be trophically mediated (e.g. through resource competition between herbivores), or mediated via non-trophic links; for example, herbivores can interact indirectly by modifying the nutritional quality or induced defences of their shared host plant (Karban & Baldwin 1997; van Veen 2015) . However, if such plant-mediated effects occurred, they did not influence the change in food web metrics across treatments through changes in the abundance and species richness of the gallers and parasitoids. Non-trophic indirect interactions can also be mediated via the physical environment. By manipulating defensive compounds of the host plant, galling insects can alter the chemistry of leaf-litter and lower rates of litter decomposition and nutrient release (Schweitzer et al. 2005; Frost et al. 2012; K€ unkler, Brandl & Br€ andle 2013) . This could in turn, for instance, affect plant growth and quality, and therefore availability or suitability of oviposition sites for gallers. More generally, the focal galler B. dracunculifoliae may have affected many other groups by acting as an ecosystem engineer (Jones, Lawron & Shachak 1997; Jones, Lawton & Shachak 1994; Odling-Smee, Laland & Feldman 1996 , Bruno, Stachowicz & Bertness 2003 ) -a species that modulates the availability of resources to other species by causing changes in biotic or abiotic materials, and thus modifies, maintains and/or creates habitats for other species. Both live and hatched galls serve as habitat for many other groups of so-called inquilines, for example, ants, aphids, spiders) that have the potential to interfere with Resolving which of these proposed mechanisms contribute to our results will require further study, and will necessitate further manipulative experiments beyond the work described here.
Conclusion
In conclusion, our study reveals that even in webs that appear poorly connected, perturbations may propagate via indirect links. Had our control webs been used in a computational model of species removal, no indirect secondary effect would have been detected since there were no connections among the galler-parasitoid subsets of the webs. In our field experiment, however, we have shown that it is possible for effects to spread through wider trophic and non-trophic links. These propagating impacts on food web structure following reduced species abundance have implications for conservation biologists. In particular, they highlight that changes in the abundance of even a single species can affect the tolerance of food webs to extinctions, and that there are many ways in which the impacts of species reduction or removal can spread through food webs, not all of which are predictable. The results here highlight the importance of experimental manipulation of food webs in the field to document trophic and non-trophic indirect interactions, and ultimately for better understanding the structure and dynamics of ecological communities (Fontaine et al. 2011; K efi et al. 2012) . This poses new challenges for future studies, both empirical and theoretical. It would be greatly beneficial for our understanding of the network structure if we were able to build more comprehensive networks, including direct and indirect trophic and nontrophic interactions across multiple trophic levels (Fontaine et al. 2011; K efi et al. 2012) . Computational simulations that account for non-trophic indirect effects are also needed, but our results suggest that empirical data will be key to our understanding because of the numerous and often unpredictable opportunities for indirect effects via a variety of mechanisms and pathways.
